The invasion of cancer cells around and into nerves is associated with increased cancer aggression and poor patient outcome. As this perineural invasion increases disease severity, a better understanding of how the process is regulated may help in the development of therapeutics to target neuronal involvement in cancer. In this issue of the JCI, Deborde and colleagues show that direct contact between Schwann cells and cancer cells promotes cancer cell dissociation, migration, and invasion. Moreover, their data specifically suggest NCAM1 as an important molecular mediator of this Schwann celldirected regulation of cancer cells in perineural invasion. The results of this study provide new insight into the cellular and molecular mechanisms of perineural invasion.
The nerve microenvironment and cancer progression
While the involvement of blood and lymphatic vessels in tumor growth and progression is well established, the role of nerves in the tumor microenvironment has been largely underappreciated. Increasing evidence suggests that activation of nerve growth into tumors, termed neoneurogenesis, is another key driver of cancer progression. In addition, chronic activation of the sympathetic nervous system via increased norepinephrine levels has been observed in the tumor microenvironment (1, 2) , and this activation has been demonstrated to promote tumor growth and progression via β-adrenergic receptor signaling on tumor cells and subsequent upregulation of tumor-promoting chemokines (3) (4) (5) (6) . However, it was the hallmark paper from Magnon et al. (7) that clearly demonstrated that neuronal involvement promotes cancer progression. Specifically, this group showed that autonomic nerve formation is important for regulating primary prostate cancer growth and metastasis in mouse models and that inhibition of stromal β-adrenergic receptor and type 1 muscarinic receptor signaling inhibits tumor development and improves survival. Similarly, Zhao et al. (8) recently demonstrated that stomach denervation in mouse models of gastric cancer reduces tumor incidence and growth while improving chemotherapy response and that muscarinic acetylcholine M3 receptor loss inhibits tumorigenesis. Together, these groundbreaking studies also revealed that high tumor neural fiber density strongly correlates with tumor stage and worse clinical outcome, further implicating neuronal involvement as a key driver in cancer.
Perineural invasion is the growth and invasion of cancer cells around and into nerves present in the tumor microenvironment (9) . This is believed to promote tumor progression by providing a conduit for cancer cell spread. Patients who experience perineural invasion, which has been described in many cancer types, often have poor prognoses, higher risk of local recurrence, and often suffer from severe pain (10, 11) . In this issue, Deborde et al. uncover a key mechanism of perineural invasion that is mediated by direct contact between Schwann cells and cancer cells (12) .
Schwann cell-mediated perineural invasion requires contact
Schwann cells regulate neuronal growth, survival, and repair (13, 14) and undergo dedifferentiation into a more migratory subtype to promote neuronal guidance through matrix remodeling, paracrine signaling, and induction of neuron axonal extensions via direct cellular contact (15) (16) (17) (18) (12) .
In a series of beautifully intricate timelapse and fluorescence microscopy observations, Deborde and colleagues were able to document the cellular events that mediate cancer cell-Schwann cell interaction (12) . In cocultures of dorsal root ganglion explants and cancer cells, cancer cells were directly recruited to neurites, and this process was dependent on the presence of neurite-asso- The invasion of cancer cells around and into nerves is associated with increased cancer aggression and poor patient outcome. As this perineural invasion increases disease severity, a better understanding of how the process is regulated may help in the development of therapeutics to target neuronal involvement in cancer. In this issue of the JCI, Deborde and colleagues show that direct contact between Schwann cells and cancer cells promotes cancer cell dissociation, migration, and invasion. Moreover, their data specifically suggest NCAM1 as an important molecular mediator of this Schwann cell-directed regulation of cancer cells in perineural invasion. The results of this study provide new insight into the cellular and molecular mechanisms of perineural invasion. (12) .
While Deborde et al. make a strong case that NCAM1 plays a key role in promoting Schwann cell-mediated perineural invasion and cancer cell guidance and dissociation, the lack of rescue of NCAM1 overexpression in their in vitro models and the partial therapeutic efficacy of NCAM1 silencing in inhibiting perineural invasion in vivo suggests there are other key regulators of perineural invasion (12) . Indeed, other factors, including glial cell-derived neurotrophic factor (GDNF), chemokine receptor CX3CR1, neurotrophin-3, and neurotrophin-4, have been implicated in perineural invasion. However, a thorough and in-depth investigation into the function and mechanism of most of these candidates is still needed (9, 26).
Conclusions and future directions
Although perineural invasion has been clinically described for decades, our mechanistic understanding remains limited. Deborde and colleagues have made exciting contributions toward our understanding of perineural invasion. Schwann cells have been clearly shown to be a novel cell type in the tumor microenvironment that promotes cancer, with a specific role in promoting perineural invasion. By employing detailed live-cell imaging, Deborde and colleagues characterized the precise steps of cancer cell-Schwann cell initial contact, cancer cell protrusion initiation, Schwann cell intercalation, and, ultimately, cancer cell dispersion from cancer cell clusters and toward nerves to promote invasion and cancer spread. Schwann cells seem to repurpose functions involved in normal neuronal guidance and repair to promote tumor spread and progression. This work highlights the importance of direct heterocellular contact between cancer cells and Schwann cells. Additionally, although many molecular players have been impli-
